A glutathione-S-transferase (GST)-C5a-green fluorescent protein (GFP) fusion protein was designed for use as a substrate for the streptococcal C5a peptidase (SCPA). The substrate was immobilized on a glutathioneSepharose affinity matrix and used to measure wild-type SCPA activity in the range of 0.8 to 800 nM. The results of the assay demonstrated that SCPA is highly heat stable and has optimal activity on the synthetic substrate at or above pH 8.0. SCPA activity was unaffected by 0.1 to 10 mM Ca 2؉ , Mg 2؉ , and Mn 2؉ but was inhibited by the same concentrations of Zn 2؉ . The assay shows high sensitivity to ionic strength; NaCl inhibits SCPA cleavage of GST-C5a-GFP in a dose-dependent manner. Based on previously published computer homology modeling, four substitutions were introduced into the putative active site of SCPA: Asp 130 -Ala, His 193 -Ala, Asn 295 -Ala, and Ser 512 -Ala. All four mutant proteins had over 1,000-fold less proteolytic activity on C5a in vitro, as determined both by the GFP assay described here and by a polymorphonuclear cell adherence assay. In addition, recombinant SCPA1 and SCPA49, from two distinct lineages of Streptococcus pyogenes (group A streptococci), and recombinant SCPB, from Streptococcus agalactiae (group B streptococci), were compared in the GFP assay. The three enzymes had similar activities, all cleaving approximately 6 mol of C5a mmol of SCP ؊1 liter ؊1 min ؊1 .
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The streptococcal C5a peptidase (SCPA) is a member of the family of subtilisin-like serine proteases, containing a highly conserved Ser-Asp-His catalytic triad, as well as an oxyanion hole asparagine (7, 29) . However, SCPA is unlike many other serine proteases in its high degree of substrate specificity (10) . Enzymatic studies of SCPA have been significantly hindered by the lack of a simple, reproducible assay. SCPA does not cleave the traditional subtilisin substrates, and its natural substrate, C5a, is costly and difficult to assay. Biological assays for residual C5a activity, such as polymorphonuclear cell (PMN) chemotaxis or adherence, require the tedious isolation of PMNs from whole blood and are difficult to reproduce. In addition, PMNs are often activated by residual lipopolysaccharide or other contaminants present in recombinant SCPA preparations. This background activation can mimic the activation by C5a. Detection of physical changes in C5a is also difficult because SCPA cleaves C5a just seven residues from its C terminus, allowing it to retain its ability to bind most antibodies (10) . C5a does not, however, bind PMNs after cleavage by SCPA (20) . It is postulated that SCPA contributes to virulence in the early stages of streptococcal disease. Without the C5a chemotactic signal, PMNs are slower to reach the site of infection and the bacteria are better able to colonize the host (17) . Since SCPA is an important virulence factor and is expressed on the surface of streptococci, it is the current target of vaccine development for the prevention of both group A and group B streptococcal infections (18) .
In this paper, we describe the development of an improved assay for SCPA as well as the use of this assay to characterize the proteolytic activity of wild-type and mutated enzymes. The substrate is a fusion protein consisting of three domains: an "anchor" region (glutathione-S-transferase [GST]) for binding to glutathione-Sepharose beads, an SCPA recognition sequence (the entire human C5a peptide), and a reporter (green fluorescent protein [GFP] ). The rate of GFP fluorescence released from the solid phase reflects SCPA activity. Four sitedirected substitutions (D130A, H193A, N295A, and S512A) were introduced into putative active-site residues of SCPA, and the mutational effects on enzymatic activity were determined.
MATERIALS AND METHODS
Strains and culture media. Escherichia coli strains DH11S and DH5␣ were grown in Luria-Bertani broth for cloning and propagation of SCPA and C5a constructs. E. coli strain BL21 (Amersham Pharmacia Biotech, Piscataway, N.J.) was grown in 2ϫYT supplemented with 2% glucose (2ϫYT-G) for the expression of recombinant fusion proteins (28) . All pGEX (Pharmacia) constructs were grown in media that contained 100 g of ampicillin (Fisher Scientific, Fair Lawn, N.J.) per ml. Streptococcus pyogenes strains 90-226 (serotype M1) and CS101 (serotype M49) were grown in Todd-Hewitt broth supplemented with 1% yeast extract (Difco, Detroit, Mich.).
Cloning. The human C5a gene was amplified by PCR from plasmid pBT2006 (a gift from Linda McCarter, University of Iowa) using primers hC5aBamHIfor (5Ј-CCC CCC GGA TTC AAA GAC GCG CAG ACT AA-3Ј) and hC5aEcoRIrev2 (5Ј-CCC CCC GAA TTC CCT TCC CAA TTG CAT GTC TTT ATG AGA GAT-3Ј). The PCR product was digested with BamHI and EcoRI and then ligated into the multiple cloning site of pGEX-4T-1 (Pharmacia). One of the clones, pGhC5a6, was verified by sequencing and chosen for use in further experiments.
The GFP gene was obtained from plasmid pGFPuv (Clontech, Palo Alto, Calif.). The sequence was amplified by PCR using primers gfpSmaIfor (5Ј-AAA AAA CCC GGG GAG TAA AGG AGA AGA ACT T-3Ј) and gfpNotIrev (5Ј-CCC CCC GCG GCC GCT TAT TTG TAG AGC-3Ј). The PCR product was digested sequentially with SmaI and NotI and then ligated just downstream of the C5a gene in pGhC5a6. Preparations of plasmid DNA from transformants were screened by restriction digestion with BamHI. Three clones contained the 0.8-kb fragment present only in the recombinant. On plate cultures, these three clones fluoresced green under UV light. One clone, pDSG3, was chosen for use in further studies.
C5a peptidase genes scpA1 and scpA49 were amplified by PCR from the chromosomal DNAs of M1 strain 90-226 and M49 strain CS101, respectively. Primers scpfor940 (5Ј-CCC CCC GGA TCC AAT ACT GTG ACA GAA GAC ACT CC-3Ј) and scprev4263 (5Ј-CCC CCC CTC GAG ATG TAA ACG ATT TGT ATC CTT GTC ATT AG-3Ј) contained BamHI and XhoI recognition sites, respectively, to facilitate cloning into the expression vector, pGEX-4T-1. Cloning of recombinant SCPB was done as described previously (9) .
Site-directed mutagenesis of scpA1. A Transformer (Clontech) site-directed mutagenesis kit was used to introduce four mutations into the cloned scpA1 sequence. A switch primer, pgexUSE4287 (5Ј-CGT ATT GGG CGC TAG CGT GGT TTT TCT TTT CAC-3Ј), was used to change a unique NarI site in the recombinant plasmid to a unique NheI site. The mutagenic primers used and the resulting amino acid substitutions in the translated scpA1 sequence are listed in Table 1 . DNA sequences of the mutations were verified by automated fluorescence sequencing at the University of Minnesota Microchemical Facility.
Purification of SCP enzymes. Overnight cultures of E. coli strain BL21 carrying recombinant pGEX::scp clones were grown in 2ϫYT-G containing 100 g of ampicillin per ml, diluted 1/10, and grown to an optical density at 600 nm of between 1.5 and 2.0. Cultures were induced by adding isopropyl-␤-D-thiogalactopyranoside (IPTG) (100 g/ml), incubated for an additional 4 h, and harvested. Cell pellets were stored at Ϫ80°C less than 1 week before GST-SCP was extracted. SCP was purified as described in the pGEX manual, except that the Triton X-100 solubilization step was eliminated. SCP was separated from its GST fusion partner by incubation with thrombin at room temperature for 3 h, concentrated, and washed to remove thrombin using a Centricon-100 ultrafiltration apparatus (Amicon, Beverly, Mass.).
Purification of the GST-C5a-GFP fusion protein.
GST-C5a-GFP was purified using a modification of the protocol described by Frangioni and Neel (15) . Overnight cultures of BL21(pDSG3) were diluted 1/10 in 2ϫYT-G and grown at 25 to 30°C to an OD 600 of 0.7 to 0.9. Cultures were induced with 0.2 mM IPTG and vigorous shaking at 25 to 28°C for 4 h. Induced cells were harvested by centrifugation, washed once with a 1/50 volume of STE (150 mM NaCl, 50 mM Tris-HCl, 10 mM EDTA [pH 8]), and frozen at Ϫ80°C until needed. Cells were resuspended in 1/100 the original culture volume of STE with 0.1 mg of lysozyme (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) per ml-10 mM MgCl 2 -50 g of DNase I (Sigma, St. Louis, Mo.) per ml-Complete Protease Inhibitor (Boehringer) and chilled on ice for 30 min. The suspension was then sonicated three times for 10 s each time at 15 to 20% power with a microtip probe. Sonication was later replaced by one freeze-thaw cycle (Ϫ80°C-37°C). After removal of cell debris by centrifugation, crude extracts of GST-hC5a-GFP were stored in 30-to 40-ml aliquots at Ϫ80°C until needed. As needed, aliquots were thawed, and the fusion protein was bound to a 1-ml bed volume of glutathione-Sepharose and washed three times with 20 bed volumes of phosphatebuffered saline (PBS). The fusion protein could be stored immobilized on glutathione-Sepharose in 50 mM Tris (pH 7.4)-PBS or PBS with 0.1% bovine serum albumin (BSA) for up to 1 week. GST-C5a-GFP was eluted with 10 mM fresh reduced glutathione in 50 mM Tris (pH 8.0)-0.1% Triton X-100 for sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) analysis (see Fig. 1 ) and for standard curve preparation. GFP fluorescence was measured at an excitation wavelength of 405 nm and an emission wavelength of 535 nm on a Tecan Spectrafluor or at an excitation wavelength of 400 nm and an emission wavelength of 508 nm on a Bio-Tek FL600 microplate fluorescence reader.
PMN adherence assay of SCPA activity. The activity of recombinant SCPA, both wild-type and mutant forms, was evaluated using an assay that measures the binding of C5a-activated PMNs to BSA-coated microtiter wells (2) . In this adherence assay, wells of a PolySorp plate (Nalge Nunc International, Naperville, Ill.) were coated with 150 l of 0.5% low-endotoxin BSA (Sigma) in PBS for at least 1 h at 37°C. At the same time, PMNs were isolated from heparinized human blood by layering 5 ml of blood on 3. The gradient was established by centrifugation at 300 ϫ g for 20 min. PMNs were washed twice in 12 ml of PBS with 2% fetal calf serum. Residual red blood cells were lysed by resuspending the pellet in ice-cold 0.2% NaCl for 30 s and then adding an equal volume of ice-cold 1.6% NaCl. PMNs were centrifuged for 10 min at 300 ϫ g, and the pellet was resuspended in 1 ml of ice-cold PBS with 1% glucose. Cells were counted using a hemacytometer (Fisher Scientific).
In a 1.5-ml microcentrifuge tube, 25 pmol of recombinant human C5a (Sigma) and various amounts (13 to 413 fmol) of SCPA were incubated in 0.3 ml of PBS-BSA (0.5% [wt/vol] low-endotoxin BSA) for 45 min at 37°C. At the end of this incubation, the BSA-coated PolySorp plate was washed three times with PBS. The protein mixture (100 l) and PMNs (100 l of 2 ϫ 10 6 /ml) were then added to each of the BSA-coated wells in duplicate, and the plates were incubated for 45 min at 37°C. Wells were washed gently with PBS, and adherent PMNs were stained with 50 l of crystal violet. The cells were lysed with 100 l of 1% SDS, and the absorbance at 570 nm was read with a Bio-Tek EL340 microplate reader.
SCP kinetic assay. The rate of GFP release by SCP from beads with bound GST-C5a-GFP was calculated over a time period of 25 to 240 min. Reaction mixtures were prepared by adding 20 l of 50% glutathione-Sepharose with bound substrate as prepared above to 90 l of PBS-0.1% BSA or 50 mM Tris-HCl (pH 7.4) containing the appropriate amount of SCPA or SCPB. A separate reaction tube was prepared for each time point to ensure constant substrate and enzyme concentrations over the course of the assay. At each time point, the reaction mixtures were mixed and then centrifuged for 5 s to pellet the beads. Seventy-microliter samples were carefully removed from the supernatant and added to 630 l of PBS in a separate tube to stop the reaction. At the end of the assay, 200-l aliquots of each sample were added in triplicate to wells of a black microtiter plate for fluorescence detection. GFP fluorescence was then measured.
N-terminal sequencing. Quantities of 400, 200, and 80 pmol of affinity-purified GST-C5a-GFP were incubated with 10 g of SCPA in 100 l of 50 mM Tris-HCl (pH 7.4) at 37°C for 12 h. Twenty-microliter aliquots of each reaction mixture were separated on an SDS-12% polyacrylamide gel and transferred to a polyvinylidene difluoride membrane for N-terminal sequencing according to the method of Matsudaira (22) .
RESULTS AND DISCUSSION
SCPA was cloned, sequenced, and overexpressed in E. coli several years ago, but the activity of the enzyme has remained largely uncharacterized due to the lack of a simple, reproducible biochemical assay. Relatively little is known about the enzyme, except that it is highly specific and has a high degree of primary sequence homology to the subtilisin family of serine proteases. SCPA is usually expressed on the surface of group A streptococci; however, in some strains, it is both associated with the cell wall and secreted into the extracellular environment. For example, in some strains, an active fragment of SCPA can be released after exposure to streptococcal cysteine protease (1) . The N terminus of this fragment begins at amino acid 90, suggesting that amino acids 32 to 89 are not required for proteolytic activity.
The recombinant SCPA and SCPB enzymes used in this work contain amino acids 32 to 1139, the entire mature protein except for the membrane anchor domain. Enzymes were expressed with N-terminal GST fusion tags for affinity purification and then cleaved with thrombin to remove the GST portion of the molecules. The use of this expression system presumed that SCP does not undergo the N-terminal autocatalytic processing that is characteristic of most subtilases. This assumption was made based on the N-terminal sequence of SCPA purified from streptococci and reported by Chen and Cleary (7) . In addition, SCPA purified from the E. coli GST expression system showed activity similar to that of the streptococcal enzyme in a PMN adherence assay (data not shown).
To characterize SCPA activity further and to determine the effects of site-directed mutations on catalysis, we developed an assay using a GST-C5a-GFP fusion protein as the substrate. The fusion protein was constructed by cloning the coding regions for human C5a and GFP downstream of GST in pGEX-4T-1. Figure 1 shows GST-C5a-GFP peptide fragments separated by SDS-PAGE after incubation with and without SCPA. A Coomassie blue-stained gel showed that both the 35-kDa GST-C5a and the 28-kDa C5a-GFP cleavage fragments appeared only after incubation with SCPA (Fig. 1A) . A Western blot of these same fragments confirmed that both anti-C5a and anti-GST antibodies identified the 63-kDa uncleaved substrate and the 35-kDa cleaved GST-C5a fragment (Fig. 1B and C) . -GAT TTT TAT CAA AAC CAG CAG CAA TCA CTG CAA CAA CAG TC-3Ј  D130A  scpmutrev1412  5Ј-GTG TGC CGG CCT CTT GAT CGA-3Ј  H193A  scpNmutrev2  5Ј-AAA GCT ACT ATC AGC ACC AGC TGA-3Ј  N295A  scpmutrev1884  5Ј-GGC GCA GAC ATA GCA GTT CCA GAA A-3Ј  S512A VOL. 182, 2000 CHARACTERIZATION OF THE STREPTOCOCCAL C5a PEPTIDASEAs expected, the smaller, 28-kDa C5a-GFP fragment, with only seven amino acids of C5a at its N terminus, was not recognized by either antibody. The 27-kDa GST fragment that appeared in both the Coomassie blue-stained gel and the anti-GST antibody blot may be the result of abortive translation. At the beginning of the human C5a sequence, two rare isoleucine AUA codons are present that may lead to E. coli production of a truncated fusion protein that contains only GST and a few amino acids of C5a. The expected cleavage site of the GSTC5a-GFP molecule is at the carboxy terminus of C5a, between His 67 and Lys 68 . The 28-kDa C5a-GFP fragment was subjected to N-terminal sequencing; as expected, the peptide contained the seven carboxy-terminal residues of C5a followed by the three residues encoded by the EcoRI and SmaI restriction sites of pGEX-4T-1 (KDMQLGREFP). The GST-C5a-GFP substrate was also cleavable while bound to glutathione-Sepharose.
Many enzymatic assays using immobilized substrates have been described previously, but they often require radiometric or complex procedures for detection of the reporter (11, 14, 16, 19, 30, 31) . The assay described here has the advantage of a simple protocol and quick measurement of the reporter. While GFP is somewhat less sensitive than an enzymatic reporter, it requires no substrate addition or further incubation time to detect the signal. Although the C5a and GFP domains of the recombinant substrate are quite hydrophobic, the fusion protein can be fairly easily purified from E. coli and can be stored frozen at Ϫ80°C until needed. Based on earlier work demonstrating the capacity of glutathione-Sepharose to bind fusion proteins of various molecular weights, the substrate will bind to the solid support at an estimated concentration of 300 mol/ml of bed volume (15) . This empirical calculation can be confirmed by SDS-PAGE. An end-point assay showed that at a GST-C5a-GFP concentration of approximately 30 mM, SCPA activity could be detected at as low as 0.8 nM in 45 min. The sensitivity of the assay can be increased by a factor of 10 by lengthening the incubation time to 4 h (data not shown).
The GST-C5a-GFP assay was used to assess pH, temperature, ionic strength, and metal cation effects on SCPA activity. At an enzyme concentration of 8.3 nM, optimal SCPA activity was observed at pH 8.0, although high activity was also obtained in carbonate buffer (pH 9.7). SCPA may be sensitive to acidic conditions, with activity toward GST-C5a-GFP dropping off sharply below pH 7. The pH conditions of the assay may not affect enzyme activity but rather alter substrate conformation. However, if the lower pH does affect enzyme activity, this finding could explain two apparently contradictory observations. SCPA was shown to impede the influx of PMNs and phagocytic mononuclear cells during the first 4 h of infection (17) . This finding is inconsistent with the classic pyogenic response to streptococci in later stages of throat infections. The hallmark of strep throat is the appearance of white clumps composed of dead phagocytes. If infection proceeds and streptococci lower the local pH by lactic acid production, SCPA may be inactivated, permitting the formation of a C5a chemotactic gradient and the recruitment of substantial numbers of phagocytes to the oral mucosa and tonsils at a later stage of infection.
The heat stability of SCPA activity was also investigated using the GFP assay. SCPA retained greater than 85% activity after incubation at 65°C for 30 min and still exhibited more than 75% activity after 1 h. SCPA even retained 30% activity after incubation in boiling water for 10 min.
Many subtilases require divalent cations for stability or as cofactors. Previous results from our laboratory have shown, however, that EDTA does not significantly affect the activity of SCPA, suggesting that SCPA acts independently of divalent cations (data not shown). To further address this issue, the effect of divalent cations on SCPA activity was measured at an enzyme concentration of 8.3 nM. The proteolysis of GST-C5a-GFP was largely unaffected by magnesium chloride and magnesium acetate at concentrations of 0.1 to 10 mM. Only relatively high concentrations (10 mM) of calcium chloride and manganese chloride were inhibitory. Zinc acetate significantly inhibited SCPA activity at all three of the concentrations tested (10, 1, and 0.1 mM). This inhibition may be the result of zinc oxidation of sulfhydryl groups on either the substrate or the enzyme. Since none of the ions activated proteolysis at the concentrations tested, we conclude that SCPA activity is not dependent on the presence of divalent metal cations.
In contrast, SCPA activity toward the fusion protein substrate showed a surprisingly striking dependence on ionic strength. With sodium chloride in PBS (8.1 mM sodium phosphate, 1.5 mM potassium phosphate, 2.7 mM KCl, 137 mM NaCl [pH 7.4]), enzymatic activity was approximately 50% that observed in 50 mM Tris (pH 7.4). Inhibition of SCP activity increased linearly with sodium chloride concentrations of be- tween 20 and 200 mM in this buffer. Again, it is unclear whether ionic strength affects SCPA itself or merely the folding of the GST-C5a-GFP substrate.
The fluorescent fusion protein was used not only to characterize wild-type SCPA activity but also to compare wild-type and mutant enzymatic activities. Site-directed mutations were introduced into SCPA based on sequence comparisons and computer modeling. Four key residues of SCPA, Ser 512 , Asp 130 , His 193 , and Asn 295 , were identified and predicted to compose the charge transfer structure of the enzyme (7, 29) . Both biochemical and genetic studies have defined the role of these residues in enzymatic activity (3-6, 8, 12, 13, 21, 23-27) . Single amino acid substitutions at any of these sites in SCPA resulted in a significant loss of enzymatic activity. When the activities of mutant enzymes (0.1 mg/ml) were compared with that of the wild-type enzyme (1 to 10 ng/ml) in a 4-h kinetic assay, all four mutant enzymes showed a three-log decrease in specific activity as a result of the site-directed substitutions, consistent with reports on similar substitutions in other subtilases. The specific activities of wild-type SCPA1 and of D130A, H193A, N295A, and S512A mutant enzymes were 95 Ϯ 34, 0.031 Ϯ 0.005, 0.055 Ϯ 0.010, 0.057 Ϯ 0.008, and 0.025 Ϯ 0.005 mol of C5a mmol of SCPA Ϫ1 liter Ϫ1 min Ϫ1 , respectively (average of three trials Ϯ standard error of the mean).
Cleavage of SCPA is predicted to eliminate the capacity of C5a to activate PMNs, whereas incubation of C5a with mutant enzymes should not alter chemotactic activity. This notion was confirmed using a traditional PMN adherence assay. The data shown in Fig. 2 demonstrate that the mutant SCPA enzymes were also far less active against recombinant C5a. A 10 3 -fold difference between wild-type and mutant enzyme activities was detected for the D130A and N295A mutant enzymes. The S512A and H193A mutant enzymes showed no detectable activity, even at concentrations 10 5 -fold higher than that of wildtype SCPA1. The lower sensitivity limit of the C5a-GFP assay prevents the detection of an activity difference this great, but the basic conclusion that each point mutation eliminates at least 99.9% of the proteolytic activity remains the same. While this loss of activity is presumed to be the result of substitutions of active-site residues, the effect of these mutations on protein folding is unknown. Alanine substitutions are not expected to introduce major changes in secondary structure, but the possibility that the native conformation of the enzyme is disrupted by the mutations cannot be eliminated.
A final question that was answered by the fluorometric assay was whether differences between recombinant SCPA1, SCPA49, and SCPB activities from serotype M1 or M49 group A and from group B streptococci, respectively, could be detected. While the sequence homology between SCPA and SCPB is greater than 97%, significantly lower enzymatic activity is associated with group B streptococci than with group A streptococci (9) . The enzymes were compared to determine whether this difference is due to intrinsic differences in specific activity that could be due to the few differences in amino acid sequences. The specific activities of recombinant SCPA and SCPB were measured in a kinetic assay. The results showed that the specific activities of the three SCP enzymes were comparable: 6.6 Ϯ 0.7, 6.2 Ϯ 1.1, and 5.8 Ϯ 0.5 mol of C5a mmol of enzyme (SCPA1, SCPA49, and SCPB) Ϫ1 liter Ϫ1 min Ϫ1 , respectively (average of two trials Ϯ standard error of the mean. The difference in the absolute values of the specific activities of SCPA1 in an earlier experiment (see above) and in this experiment is due to batch-to-batch variations in the fluorescence of the reporter and the fraction of cleavable substrate bound to the beads. The data show that in the absence of the signal peptides and membrane anchor domains, the 3% difference in amino acid sequence between SCPA and SCPB does not affect enzymatic activity. Differences in C5a peptidase activity between group A streptococci and group B streptococci must rather be due to differences in surface protein (including C5a peptidase) expression.
SCPA is unusually large relative to subtilisins and many other serine proteases. The reactive center is defined by the N-terminal half of the protein. The carboxy end contains the cell wall and membrane anchor domains (7) . Relative to those of other serine proteases, the substrate specificity of SCPA is very limited. We presume that residues located between the active center and the cell wall anchor prescribe the high degree of substrate specificity. This specificity is difficult to explain in terms of molecular evolution. While it seems likely that SCPA must have other substrates besides C5a, one has not yet been found. Over half the mature protein is carboxy terminal to the active-site amino acids, consistent with the possibility that this portion of the enzyme may have other functions. The role of SCPA as an adhesin or invasin is currently under investigation.
